ABSTRACT: Congenital heart disease (CHD) is the most common type of birth defect, and the etiology of most cases is unknown. CHD often occurs in association with other birth malformations, and only in a minority are disease-causing chromosomal abnormalities identified. We hypothesized that children with CHD and additional birth malformations have cryptic chromosomal abnormalities that might be uncovered using recently developed DNA microarray-based methodologies. We recruited 20 children with diverse forms of CHD and additional birth defects who had no chromosomal abnormality identified by conventional cytogenetic testing. Using whole-genome array comparative genomic hybridization, we screened this population, along with a matched control population with isolated heart defects, for chromosomal copy number variations. We discovered diseasecausing cryptic chromosomal abnormalities in five children with CHD and additional birth defects versus none with isolated CHD. The chromosomal abnormalities included three unbalanced translocations, one interstitial duplication, and one interstitial deletion. The genetic abnormalities were predominantly identified in children with CHD and a neurologic abnormality. Our results suggest that a significant percentage of children with CHD and neurologic abnormalities harbor subtle chromosomal abnormalities. We propose that children who meet these two criteria should receive more extensive genetic testing to detect potential cryptic chromosomal abnormalities. (Pediatr Res 64: 358-363, 2008) 
C ardiovascular malformations are the most common type of birth defect and result in significant mortality worldwide. They have an estimated incidence of eight per 1000 live births and affect an estimated 10% of spontaneous miscarriages (1) . Recent advances in medical and surgical management have resulted in 85% of affected children surviving to adulthood; as a result, there are an estimated 1,000,000 adults with congenital heart disease (CHD) in the United States alone, with similar numbers in Europe (2, 3) . The reported incidence of CHD has not changed over the past several decades, and the etiology for most cases of CHD is proposed to be multifactorial.
Genetic influences have long been implicated as the etiology for a subset of CHD. Common, cardiac malformations occur in the setting of multiple birth defects as part of a well-defined syndrome associated with chromosomal aberrations. Classic examples include children with Down syndrome (trisomy 21) or Turner syndrome (monosomy X) who have an increased incidence of CHD. Early epidemiologic studies reported that 8% of CHD was due to chromosomal or singlegene defects whereas the majority (Ͼ90%) was multifactorial (4) . Although the majority of CHD is termed "nonsyndromic," an estimated 25-40% of patients with CHD have other birth anomalies (5) . Over the past decade, specific genes that cause syndromic CHD have been discovered, and more recently, a few genetic etiologies of nonsyndromic CHD have been elucidated (6 -8) . However, most children with CHD, including those with other birth defects, have no obvious genetic abnormality.
Since its advent in the late 1950s, chromosomal analysis by karyotype has been the standard method used in the genetic evaluation of children with multiple anomalies (9) . One limitation of conventional cytogenetic evaluation is that small chromosomal abnormalities may be missed. The generally accepted minimum limit of detection with this method is about 5-10 Mb. Fluorescence in situ hybridization (FISH) is a dramatically more sensitive cytogenetic technique to detect small copy number changes (i.e. deletions or duplications) and gene rearrangements but is not practical to apply on a genomewide level. Comparative genomic hybridization (CGH) is a relatively new methodology that can be used to identify submicroscopic chromosomal copy number changes genome-wide (10 -12) . This technique has developed into a powerful way to efficiently interrogate the whole genome for subtle abnormalities. It has also led to the discovery of numerous pathologic small copy number changes, predominantly in patients with specific birth anomalies or neurologic diseases such as learning disabilities and autism (13) (14) (15) .
The purpose of this study was to determine whether subtle chromosomal anomalies previously undetected by conventional cytogenetic banding methods could be identified by array CGH in children with CHD. We hypothesized that children with CHD and additional birth defects are more likely to harbor these chromosomal abnormalities than children with isolated CHD. Analysis of 40 children with CHD revealed five children with previously unidentified chromosomal abnormalities. The genetic abnormalities, which included three unbalanced translocations, one chromosomal deletion and one chromosomal duplication, were found only in the population of 20 subjects who had additional birth anomalies along with CHD. No obvious disease-causing chromosomal copy number changes were identified in the population with isolated CHD. Although we did identify three novel chromosomal copy number changes in this isolated CHD population, all were present at either low frequency in ethnically matched control populations or in the clinically unaffected parents. These findings highlight the need for high-resolution genetic screening in children with CHD and additional birth defects, even if they have had a normal karyotype. Our results indicate that a significant fraction of these children harbor cryptic pathologic chromosomal abnormalities.
METHODS

Subjects.
The subject population was comprised of 40 unrelated individuals (21 males, 19 females) with CHD. From January to December 2006, subjects were prospectively recruited for genetic testing and informed consent obtained according to protocol as approved by the Institutional Review Board at the University of Texas Southwestern Medical Center. Twenty subjects with CHD had additional diagnoses and are listed in Table 1 (population A). The types of CHD varied and included: 4 subjects with tetralogy of Fallot; 4 with ostium secundum atrial septal defects; 1 with a sinus venosus atrial septal defect; 2 with atrioventricular septal defect; 1 with a perimembranous ventricular septal defect; 2 with pulmonic valve stenosis; 2 with hypoplastic left heart syndrome; 1 with aortic coarctation and bicuspid aortic valve; 1 with dysplastic mitral valve; 1 with patent ductus arteriosus; and 1 with double outlet right ventricle. The individuals included 10 male and 10 females and were of variable ethnicity specifically 12 European-Americans, 7 Hispanics, and 1 Asian. A control population (population B, Supplementary Table 1 , available online at www.pedresearch.com) was randomly selected from our database of individuals enrolled in an ongoing program at Children's Medical Center Dallas. These subjects were matched to population A according to the type of heart defect, but had no other known anomalies. This control population was comprised of 11 males and 9 females and included 11 European Americans, 8 Hispanics, and 1 Asian. All subjects with CHD and additional anomalies had previous genetic testing including a karyotype that was interpreted as normal by conventional cytogenetic G-banding methodology. All subjects underwent complete cardiac evaluation at Children's Medical Center Dallas and echocardiogram, cardiac catheterization and operative reports were reviewed when available. In addition, the entire medical record was retrospectively reviewed to identify the presence of additional diagnoses. Because the clinical assessment of additional anomalies was performed in a retrospective manner, all patients were neither examined by the same geneticist/neurologist nor had medical testing that was not part of routine medical care. Developmental assessments were used only if evaluation was performed in subjects after 18 mo of age. Venous blood samples were collected and genomic DNA isolated using the PUREGENE kit (Gentra Systems) from recruited subjects.
Array comparative genomic hybridization. Genomic DNA was submitted to Nimblegen Systems (Madison, WI) for high-resolution whole genome CGH analysis. Each array contained 385,000 isothermal 50-to 75-bp oligonucleotide probes spanning the entire nonrepetitive human genome with a median spacing of 6270 bp. Pooled normal male DNA (Promega G1471) was used as a reference sample for hybridizations. Array data were analyzed for copy number changes by Nimblegen using a circular binary segmentation algorithm with unaveraged probe signal intensities as well as probes averaged over 60 kb, 120 kb, and 300 kb windows (16) . Relative intensity of the sample versus reference signals was reported on a log 2 scale, so that a normal copy number (relative intensity ϭ 1) should give a value of log 2 (1) ϭ 0. Heterozygous duplications theoretically should give a value of log 2 (3/2) ϭ ϩ0.58 and heterozygous deletions a ratio of log 2 (1/2) ϭ Ϫ1.0, but the actual magnitude of the ratio observed is somewhat less due to background hybridization. Inspection of array data from other studies revealed that the vast majority of signals with log 2 ratios in the range of Ϫ0.3 to ϩ 0.3 are either technical artifacts or represent genomic regions that show variable copy numbers among normal individuals (Database of Genomic Variants); therefore, only signals with log 2 ratio Ͼϩ0.3 or ϽϪ0.3 were considered to denote potential causal variations.
FISH and quantitative PCR. Chromosomal copy number abnormalities detected by array CGH were confirmed by FISH. Peripheral blood samples were collected from probands and their available parents and FISH was performed on lymphocyte metaphase preparations using probes specific for the reported abnormalities. These included commercially available 1q, 7q, 15q, 16q, 17q, and 19p subtelomeric probes (Vysis, Inc.), a commercially available 22q11.2 probe (TUPLE1, Vysis, Inc.), and custom 2q BAC clone probes, RP11-91M5 and RP11-81P3 (BACPAC Resources, Inc.).
For six putative copy number changes too small to detect by FISH, real-time quantitative polymerase chain reaction (RT qPCR) was performed using custom Taqman probes and a reference RNAseP genomic probe (sequences available upon request). RT qPCR was performed using an ABI instrument and Taqman Universal PCR Master Mix kit (Applied Biosystems, Foster City, CA) using DNA from probands, parent(s) (if available), and unrelated ethnically-matched control individuals. 10 -30 ng of genomic DNA was used for each RT PCR reaction. Experiments were performed in triplicate and mean ratios of regions of interest, normalized to RNAseP, were calculated for probands, parent(s) (if available), and unrelated normal controls. Proband/control ratios Ͼ1.3 or Ͻ0.7 were considered evidence of duplication or deletion, respectively.
Statistical analysis. Bivariate analysis was performed using Fisher's Exact test (two-tailed) for associations between categorical variables and t test to compare means of continuous variables in the analysis of copy number variations (CNV) between populations. p Values of Յ0.05 were considered statistically significant. 
RESULTS
Twenty subjects with CHD and additional birth anomalies (population A) and twenty subjects with isolated CHD (population B) were screened for chromosomal anomalies by high-resolution oligonucleotide array CGH. We identified 296 CNV in the entire population of 40 individuals with CHD. A similar number of CNV were identified in each of the populations (A: 161 CNV ϭ 8.1 Ϯ 3.2 CNV/subject, B: 135 CNV ϭ 6.8 Ϯ 2.9 CNV/subject; p value ϭ NS). The majority (254/296 ϭ 86%) of the identified CNV had been previously detected in normal individuals and reported in the Database of Genomic Variants (http://projects.tcag.ca/variation/) and therefore likely represent copy number polymorphisms. An additional 9.8% (29/296) of the duplications resided within chromosomal regions known to harbor segmental duplications or in regions containing no known or hypothetical genes and were not investigated further (Supplementary Table 2 , available online at www.pedresearch.com).
The remaining thirteen CNV were analyzed to determine whether they represent chromosomal abnormalities that may be associated with CHD. Seven large CNVs were identified in five subjects. In three subjects (A9, A10, and A20), we identified 5 CNVs that were due to cryptic unbalanced chromosomal translocations (Fig. 1B, C, E and Table 2 ) (17) . Genetic testing of the parents of subject A10 identified a balanced reciprocal translocation in one of the parents, whereas parental testing was not performed on subject A9 ( Table 2 ). The mother of A20 was found to carry a balanced 7:17 translocation whereas the father had a normal karyotype. Close inspection of the unaveraged array CGH data from subject A20 led to the identification of a small 75 kb CNV on the distal long arm of chromosome 7 (Fig. 1E ). An interstitial chromosomal duplication and interstitial deletion were Figure 1 . Copy number variations discovered by array CGH. A, In subject A8, a 6.6 Mb duplication of chromosome (ch) 2q.33 was found. B, A 2 Mb duplication of ch16q and 600 kb deletion of ch19p was identified in subject A9. C, A 12.3 Mb deletion of ch1q and 8.1 Mb duplication of ch15q was discovered in subject A10. D, In subject A11, a 3Mb deletion of chromosome 22q11 is identified. E, In subject A20, a 75 kb deletion of ch7q and 14.1 Mb duplication of ch17q was identified. The respective chromosomes are shown and labeled. Signal intensity is plotted on a log 2 scale, so that a normal copy number gives a value of 0. Chromosome deletions are denoted by leftward segments (green) whereas duplicated segments are rightward (red). discovered in subjects A8 and A11, respectively (Table 2 and Fig. 1A and D) . Maternal testing of patient A8 was normal (father was not available for testing) whereas the parents of A11 had a normal karyotype with no evidence of 22q11.2 deletion. FISH studies confirmed the presence of all seven large CNVs except for the microdeletion of distal chromosome 7q, which may be too small for the commercial 7q probe to detect (Fig. 2) . In the three patients where DNA was available from both parents, we were able to demonstrate that two unbalanced translocations were the result of inheritance from a parent harboring a previously unrecognized balanced translocation, whereas the deletion in A11 was a de novo occurrence. For the remaining six CNV, RT qPCR was used to confirm the genetic abnormality. RT qPCR confirmed microdeletions of chromosome 7 (ϳ120,000 bp) and chromosome 13 (ϳ180,000 bp) and one microduplication of chromosome 3 (ϳ60,000 bp) whereas three CNVs were not corroborated suggesting that they are false positives ( Supplementary Fig. 1 , available online at www.pedresearch.com). The microdeletions of chromosome 7 and 13 were not detected in a control population of 200 ethnically matched chromosomes. However, we did find that both microdeletions were inherited from an unaffected parent who had a normal transthoracic echocardiogram ( Supplementary Fig. 1 , available online at www. pedresearch.com). DNA was unable to be obtained from the parents of the proband with the microduplication of chromosome 3 but a similar duplication was identified by RT qPCR in 1/200 ethnically matched control chromosomes (Supplementary Fig. 1 , available online at www.pedresearch.com).
Analysis of our data demonstrated that certain populations with CHD are at higher risk for chromosomal abnormalities (Table 3) . Chromosomal abnormalities were more likely to be present in individuals with CHD and additional birth anomalies when compared with isolated CHD (5/20 versus 0/20, p Ͻ 0.05). The presence of a neurologic abnormality, defined as either developmental delay or a structural malformation, in association with CHD resulted in even greater probability of a chromosomal abnormality when compared with other types of birth defects or isolated CHD (5/11 versus 0/9, p value Ͻ0.04; 5/11 versus 0/20, p value Ͻ0.005). In the population studied, children with cardiac and neurologic abnormalities had a higher incidence of chromosomal abnormalities than has been recognized by current cytogenetic banding methodology.
DISCUSSION
In this study, we found that 25% of children with CHD and additional malformations had abnormal copy number changes that could not be seen at the level of G-banded karyotype alone. However, these abnormalities were detectable by whole genome array CGH. In patients with CHD and neurologic 16 and short arm of ch19. B1, FISH using subtelomeric probes to the short arm (green signal) and long arm of ch16 (red signal) indicate trisomy for the terminal region of ch16. B2, FISH using probes for the subtelomeres of the short arm (green), long arm (red), and centromere (aqua) of ch19. Absence of the green signal (arrowhead) indicative of deletion of the distal segment of the short arm of ch19 when compared with normal ch19 (arrow). C, Unbalanced translocation involving the long arm of ch1 and the long arm of ch15. C1, FISH using subtelomeric sequences for the short arm (green) and the long arm (red) of chromosome 1. Arrow identifies the distal long arm of the abnormal chromosome 1 (signal missing), arrowhead identifies the distal long arm of the normal chromosome 1. Additional signals (yellow) in C1 identify Xp/Yp subtelomeric regions used as reporter sequences. C2, Arrows identify hybridization signals for the subtelomeric sequences of ch15. Arrowhead indicates a ch15q hybridization signal on the long arm of ch1. Additional signals in C2 indicate short arm of ch10 (green) and long arm of 10 (red) as reporter sequences. D, FISH showing normal hybridization to the DiGeorge/velo-cardio-facial syndrome critical region at chromosome 22q11.2 using a TUPLE1 probe. Arrowhead identifies normal hybridization pattern (red), arrow points to the deleted region. Green signal identifies distal ch22q, a reporter sequence encoding the arylsulfatase A gene. E, Unbalanced translocation involving the long arm of ch7 and the long arm of ch17. E1, FISH showing hybridization of subtelomeric sequences to the short arm (red) and the long arm (green) of ch7. Arrows indicate hybridization to the long arms of both the normal and abnormal homologues of ch7 indicating that the subtelomeric sequences on the abnormal chromosome are intact. The second set of signals is a reporter and identifies ch14. E2, Arrowhead identifies hybridization to the telomeres of the long arms of the normal homologues of ch17. Arrow identifies a ch17 hybridization signal on the distal long arm of ch7. The scale bar in A represents 5 um and the same magnification of 600ϫ is used in all images. * CHD ϩ birth defects compared with isolated CHD. † CHD ϩ neurologic defects compared with CHD ϩ non-neurologic defects. ‡ CHD ϩ neurologic defects compared with CHD ϩ isolated CHD.
abnormalities, the incidence of small deletions, duplications, and translocations was even higher, approaching 50% (Table  3) . The control population with isolated CHD had no obvious disease-causing copy number changes detectable by array CGH, although we cannot rule out the presence of very small CNVs. We also cannot exclude mosaic abnormalities, which may result in CGH signals below our threshold (log 2 ratio Ͼ0.3 or ϽϪ0.3). Although our analysis was limited by a small and heterogenous study population, our findings suggest that a subset of patients with CHD, especially those with neurologic abnormalities, have a high incidence of chromosomal anomalies that may be missed by conventional karyotyping. The chromosomal copy number changes found in this study affected relatively large regions of DNA that spanned numerous genes and in three out of five cases were demonstrated to be de novo. The unbalanced translocations found in patients A9, A10, and A20 are the likely explanations for their disease phenotype (18) . These chromosomal abnormalities involve both the deletion and duplication of numerous genes, thereby precluding discovery of candidate CHD-disease genes within the affected regions exhibiting copy number changes. Duplications of chromosome 2q33 and deletions of 22q11.2 have been reported in the literature to be associated with birth malformations (19 -21) . Although myelomeningocele is not a typical manifestation of the 22q11 deletion syndrome in humans or in the equivalent mouse model, case reports of patients with tetralogy of Fallot and neural tube defects have been described (22, 23) . We did identify small CNV in 7.5% of the subjects (3/40) with CHD. The presence of these 3 CNV in unaffected parents or normal control individuals along with the affected subjects suggest that they cannot independently cause CHD with complete penetrance, but we cannot rule out the possibility that they function as susceptibility loci. In addition, the significance of the 21 novel CNV involving regions containing no predicted genes is unclear and demonstrates the need for larger public databases on normal CNV.
Previous studies have determined that single gene defects and chromosomal abnormalities are responsible for only 10 -15% of CHD, whereas the majority of CHD is thought to be due to the interaction of complex environmental and genetic factors (24) . Our data along with a recent report by Thienpont et al. (25) suggest that the use of array CGH will result in the identification of an increasing number of chromosomal abnormalities in individuals with CHD and additional birth defects. In our study, the population of children with CHD and associated neurologic abnormalities were at highest risk for these chromosomal anomalies. The data from our small control population suggests that children with isolated CHD are less likely to harbor chromosomal abnormalities that can be detected by this array CGH methodology but newer technologies may detect smaller disease-causing CNV in this population. This study provides further evidence that subtle chromosomal abnormalities in patients with CHD and other anomalies are being missed in current clinical practice.
Many of the CNVs identified in our population were localized to telomeric regions. In that regard, subtelomeric FISH analysis would have detected 60% (3/5) of the cryptic abnormalities found in this study. However, a single test, array CGH, detected all of the chromosomal copy number changes and simultaneously defined the chromosome breakpoints. In addition, high resolution oligonucleotide array CGH can detect complex subtelomeric rearrangements, such as the deletion of chromosome 7 in Subject A20, which may be missed by subtelomeric FISH panels that use single large clones to the most distal unique sequences (26) .
The identification of genetic etiologies for CHD is important in providing more accurate genetic counseling for parents considering having other children. The recurrence risk for most CHD varies from 2 to 6% (27) but this risk is significantly increased when the parents are found to harbor balanced translocations or chromosomal duplications/deletions, which occurred in two of our participating families. Additionally, this information is important for patients with CHD as they reach adulthood and decide to start families. This increased knowledge will also allow for improvements in medical care and parental understanding about future expectations. As a corollary, the use of sensitive methods such as array CGH to stratify patients according to the presence of genetic abnormalities may be important when studying the long-term outcome of patients with CHD.
Array CGH has been used to discover disease-causing genes (28, 29) . The primary methodology that has been used to identify novel disease-causing genes for CHD has been linkage analysis, which requires the identification of large pedigrees spanning several generations with multiple affected family members. As such, most CHD with known genetic causes involves less severe cardiac malformations such as septal defects and valvular disease that can segregate in extended multi-generation pedigrees (30) . As the use of array CGH becomes more commonplace, it will likely serve as an important tool for gene discovery in CHD, specifically in certain forms that typically resulted in neonatal lethality before the development of modern surgical techniques. This growth will lead to a plethora of CNV of uncertain significance identified by high-resolution array CGH and highlights the need for more extensive databases of array CGH findings in phenotypically well-characterized populations (31) . To this end, array CGH data and associated phenotypes for diseasecausing chromosomal abnormalities identified in this study have been deposited in DECIPHER (DatabasE of Chromosomal Imbalance and Phenotype in Humans using Ensembl Resources, http://decipher.sanger.ac.uk/).
This study demonstrates that children with CHD and other anomalies have a relatively high incidence of cryptic chromosomal abnormalities, which may not be detected by conventional karyotyping. This is especially true in patients with associated neurologic involvement. We would advocate the screening of patients with CHD and neurologic abnormalities such as developmental delay for chromosomal abnormalities using an array-based method or subtelomeric FISH, in addition to standard cytogenetic G-banding methods. As genomewide array based methods become more widely available clinically, they will undoubtedly serve as an important tool in the evaluation of children with birth defects. 
